Background information. MIPs (major intrinsic proteins) form channels across biological membranes that control recruitment of water and small solutes such as glycerol and urea in all living organisms. Because of their widespread occurrence and large number, MIPs are a sound model system to understand evolutionary mechanisms underlying the generation of protein structural and functional diversity. With the recent increase in genomic projects, there is a considerable increase in the quantity and taxonomic range of MIPs in molecular databases.
Introduction
Water recruitment is essential for life, and living organisms evolved a wide array of membrane integral protein channels to ensure its passive transport into cells (Chrispeels and Agre, 1994; Borgnia et al., 1999) . These channels termed MIPs (major intrinsic proteins) are found in eubacteria, archaea, fungi, plants and animals (Engel and Stahlberg, 2002) . MIPs are particularly abundant in plants where they show ubiquitous locations (Kjellbom et al., 1999; Johansson et al., 2000; Maurel et al., 2002; Wallace and Roberts, 2004) , and in vertebrates where they are mostly restricted to fluid-conducting organs such as kidney and lungs or to secretory (salivary, lacrimal, sweat) glands (Agre, 1997; Echevarria and Ilundáin, 1998; Takata et al., 2004) . Despite their abundance and important role in osmoregulation, it was not until the early 1990s when the first MIP was purified from human red blood cells and shown to increase the permeability of water in Xenopus oocytes (Preston et al., 1992) . Since then, more than 450 members of the MIP family have been identified. At present, new members of the MIP family are being discovered at a rapid rate and more biological roles are being described for them. By controlling osmolarity, MIPs seem to affect indirectly many physiological and cellular processes, and their potential in biomedicine and agriculture (Maurel et al., 2002) is promising.
According to substrate specificity, MIPs are mainly classified into AQPs (aquaporins) if they are only permeable to water, and GLPs (glycerol-uptake facilitators or aquaglyceroporins) if they in addition facilitate passive diffusion of small solutes such as glycerol or urea (Park and Saier, 1996; Heymann and Engel, 1999; Engel and Stahlberg, 2002; Zardoya et al., 2002) . However, this functional classification may be somewhat simple since it was recently shown that a tobacco MIP can transport CO 2 (Uehlein et al., 2003) , and some MIPs are permeable to ammonia (Jahn et al., 2004) . Recently, the three-dimensional structures of two AQPs and a GLP were determined (Fu et al., 2000; Murata et al., 2000; Savage et al., 2003) . The quaternary structure of the protein is a homotetramer. Each MIP monomer is organized into six hydrophobic membrane-spanning helices connected by five loops (A-E) that delimit a polar channel with two wide periplasmic vestibules and one central pore (hourglass model; Figure 1 ). Two of the connecting loops, namely B (cytoplasmic) and E (extracellular), interact with each other from opposite sides through two highly conserved NPA (Asn-Pro-Ala) boxes forming the narrowest region of the pore. Several residues involved in water or glycerol selectivity have been identified based on sequence similarity comparisons, and topological, site-directed mutagenic and phylogenetic analyses (Froger et al., 1998; Lagrée et al., 1999; Fu et al., 2000; Heymann and Engel, 2000; Zardoya and Villalba, 2001; Zardoya et al., 2002) . A single N-glycosylation site is present in the extracellular loop C, and a cysteine residue in loop E is known to be responsible for mercurial sensitivity of most MIPs (Takata et al., 2004) .
Early sequence analyses proved that the MIP polypeptide chain can be divided into two closely related halves that may have arisen by gene duplication (Pao et al., 1991; Park and Saier, 1996) . According to previous phylogenetic analyses (Zardoya and Villalba, 2001; Zardoya et al., 2002) , alternative main substrate selective modes (AQPs and GLPs) were acquired early in the history of the family by gene duplication and functional shift. The greatest diversification of the protein family occurred in vertebrates and higher plants (Zardoya et al., 2002) . Up to 11 putative members of the MIP family have been described in human (AQP0 to AQP10), four of which (AQP3, AQP7, AQP9 and AQP10) transport glycerol (Agre, 1997; Echevarria and Ilundáin, 1998; Takata et al., 2004) . GLP orthologues are absent from plants (Zardoya et al., 2002) but up to 35 different AQP genes have been identified in Arabidopsis (Johanson et al., 2001 ) and at least 31 in maize (Chaumont et al., 2001) . Plant AQPs are classified into four subfamilies: TIPs (tonoplast intrinsic proteins), PIPs (plasma membrane intrinsic proteins), SIPs (small basic intrinsic proteins) and NIPs (NOD26-like intrinsic proteins) (Johanson and Gustavsson, 2002; Wallace and Roberts, 2004) . Of these, only the latter transport glycerol (Weig and Jakob, 2000; Wallace et al., 2002; Biswas, 2004) . Recently, it has been shown that NIPs are the AQPs that were probably recruited to transport glycerol in plants because of the absence of GLPs in them (Zardoya et al., 2002) . This functional recruitment required convergent or parallel replacements at specific amino acid positions related to water and glycerol transporting specificity. Moreover, in recent phylogenetic analyses, NIPs were recovered with moderately high support as a sister group of bacterial AQPs, and thus it was suggested that NIPs were acquired from a single event of horizontal gene transfer from bacteria at the origin of plants (Zardoya et al., 2002) .
Recent genomic projects have boosted the identification of novel members of the MIP family. The taxonomic range of the different MIP subfamilies has been significantly extended, and for instance, new MIP genes were recently described for the first time in protozoans such as Toxoplasma (Pavlovic-Djuranovic et al., 2003) , Leishmania (Gourbal et al., 2004) , Plasmodium , Trypanosoma (Uzcategui et al., 2004) and Dictyostelium (Flick et al., 1997) , as well as in bryophytes such as Physcomitrella (Borstlap, 2002) . Moreover, the number of new MIPs identified in previously poorly sampled groups such as eubacteria, archaea, fungi and invertebrates has also increased considerably. This wealth of new descriptions has prompted numerous comparative studies on the evolution, structure and physiological roles of MIPs. To correctly understand the mechanisms underlying MIP diversification, and the origin of the specialized functions and tissue distributions of the different members, a robust phylogenetic framework is mandatory (Zardoya and Villalba, 2001) . In this regard, distinction between paralogues (i.e. family members found in the same species that have arisen by gene Conserved NPA boxes interact with each other at the narrowest region of the channel. An N-glycosylation site is found in the extracellular loop C. An asterisk shows the position of the cysteine residue that is responsible for mercurial sensitivity. (B) Conserved signatures of the MIP molecule that were deduced from comparative analysis of multiple alignments. (C) Views of the human AQP1 (lfqy) crystal structure along and perpendicular to the fourfold symmetry axis. Conserved signatures of helices 1, 3, 4 and 6 are shown in red, cyan, orange and blue respectively. NPA motifs are depicted in yellow. Glycine residues of helices 2 and 5 are shown in green. duplication) and orthologues (i.e. family members found in different species that share a common ancestor and have arisen by species divergence) is only possible based on a phylogeny. Furthermore, classification and nomenclature of MIPs should be based only on MIP phylogeny rather than on functional properties. In the present study, I compiled more than 450 amino acid sequences from NCBI databases, and reconstructed a phylogeny of the MIP family using Bayesian methods, a new generation of phylogenetic methods of inference based on posterior probabilities Lewis, 2001 ). This new phylogeny tripled previous ones in the number of analysed taxa, and allowed determination of major duplication events (i.e. paralogy) as well as establishment of main groups of orthology within the family.
Results and discussion

Phylogeny of the main groups of MIPs
There are a total of 896 amino acid MIP sequences in the PF00230 entry of Pfam database v15.0 (http:// www.sanger.ac.uk/cgi-bin/Pfam/). This number was decreased to 463 non-redundant, complete or almostcomplete MIP sequences after performing successive BLASTP searches at NCBI databases (http://www. ncbi.nlm.nih.gov) with different members of the MIP family as queries. Alignment of selected sequences proved to be difficult because conserved amino acid stretches were mostly found among MIP orthologues but hardly among paralogues. In addition, the presence of some entries with either long N-or C-terminal ends, long indels or highly divergent sequences also complicated aligning efforts, and produced numerous phylogenetic inference artifacts including the well-known long-branch attraction effect (i.e. long branches in the tree are spuriously attracted to each other and to the outgroup). To obtain reliable phylogenetic inferences for the whole MIP family, highly divergent sequences were pruned from the alignment (notably AQP11 and AQP12 were excluded from the analysis because they may be only distantly related to the MIP family). In addition, the number of sequences per paralogue was decreased proportionally because of computational constraints. The final MIP data set included 150 sequences and 470 positions. Of these, 285 (from gap-rich regions) were excluded from the analyses because of uncertainty in positional homology, two were invariant and 181 were considered informative for phylogenetic reconstruction under the criterion of maximum parsimony (i.e. they were potential shared derived characters).
The tree resulting from the Bayesian inference under the JTT (Jones et al., 1992 ) + I + model is shown in Figure 2 . The different MIP paralogues were recovered as distinct groups with high statistical support. However, phylogenetic relationships among them were difficult to resolve (deep nodes connecting different paralogues were rather short because of the general lack of shared derived characters among paralogues). A clear distinction between GLPs and AQPs was recovered, although only with moderate statistical support (Figure 2 ). Within GLPs, Gram-negative and Gram-positive eubacteria did not group together. Within AQPs, plant NIPs and eubacterial AQPs were recovered as the most basal paralogues. Phylogenetic relationships between both groups could not be confidently resolved. Hence, it was not possible to confirm or reject the previously postulated bacterial origin of plant NIPs (Zardoya et al., 2002) . Fungal AQPs and plant SIPs were grouped together and placed in a basal position with respect to animal AQPs, and plant TIPs and PIPs. However, the extremely long branches exhibited by plant SIPs probably hindered the inference of their correct phylogenetic position. The next paralogues that branched off were plant TIPs and animal AQP8. The only nematode AQP included in the phylogenetic analysis was recovered as a sister group of AQP8 with high statistical support. Plant PIPs were recovered with moderate statistical support as the closest relative of insect AQPs and a group including vertebrate AQP0, AQP1, AQP2, AQP4, AQP5 and AQP6. Within vertebrates, AQP1 and AQP4 were recovered as the most basal paralogues. AQP0 was placed in a more derived position as a sister group of AQP2, AQP5 and AQP6.
Alignment within each of the MIP subfamilies proved to be more reliable and could include more phylogenetically informative positions. Therefore separate phylogenetic analyses including all putative members of the different subfamilies were performed.
Eubacterial and archaean MIPs
The best-characterized bacterial MIP is Escherichia coli AQPZ (Calamita, 2000) . Its crystal structure is known (Savage et al., 2003) , and different studies have shown its physiological role in short-and longterm osmoregulation, exponential growth and bacterial virulence (Calamita, 2000) . However, biological information on other bacterial MIPs is less thorough. A total of 67 eubacterial and four archaean sequences were retrieved from NCBI databases and included in the phylogenetic analysis. The average length (+ − S.D.) of bacterial MIPs is 249 + − 21 amino acids. Most eubacterial and archaean MIPs deposited in sequence databases were identified as part of the automated annotation of genomic projects. Interestingly, however, several complete genomes of both eubacteria and archaea seemed to lack MIPs (Calamita, 2000; Hohmann et al., 2000) . Some of these genomes belong to microorganisms that are pathogens and might have lost their MIP genes during co-evolution with the host in the absence of the required selective pressure (i.e. osmoregulation). However, it is important to note that an endosymbiont such as Buchnera or intracellular pathogens such as Listeria and Salmonella do have MIP genes. Other organisms may lack MIPs because they live in extreme conditions where water and solute transport might be differently regulated (Calamita, 2000; Hohmann et al., 2000) . Alternatively, all these microorganisms may have MIP genes with highly divergent amino acid sequences that are difficult to identify by similarity searches.
The eubacterial and archaean sequence data set produced an alignment of 374 positions. Of these, 183 were excluded from the analyses, 10 were invariant and 177 were parsimony informative. The reconstructed Bayesian tree is shown in Figure 3 . In Figures 3-9 , numbers in the nodes are Bayesian posterior probabilities. Phylogenetic analysis confirmed that osmoregulation in eubacteria requires only one AQP and one GLP. Within each paralogue, a clear separation between Gram-positive and Gram-negative bacteria was recovered. Interestingly, most of the AQPs identified were from Gram-negative bacteria, whereas most GLPs correspond to Gram-positive bacteria ( Figure 3 ). This asymmetry might be related to the different structure and diffusion properties of the membranes and cell walls in both bacterial groups (Calamita, 2000) that select for one or another type of MIPs. Despite the fact that 20 complete genomes of archaea have been sequenced, only a few archaean MIPs have been described so far and all of them seem to transport both water and glycerol . This indicates that GLPs could take over the function of AQPs in archaea, but more taxa belonging to this group need to be screened to confirm this hypothesis.
Fungal MIPs
Until recently, the only MIPs identified in fungi were those of baker's yeast (Saccharomyces pombe) (Calamita, 2000; Hohmann et al., 2000; Carbrey et al., 2001 ).
This species shows one GLP (GenBank ® identification no. gi: 14318465) that doubles the length of a normal MIP due to an extremely long N-terminal end of approx. 300 amino acids (Luyten et al., 1995) . Interestingly, this channel is preferentially involved in glycerol export. In addition, yeast has two closely related AQPs of normal length (Carbrey et al., 2001 ).
Up to 16 complete genomes of fungi have been recently sequenced, and a total of 25 fungal MIPs were retrieved from NCBI databases. These proteins are heterogeneous in length but overall relatively long, with an average length of 438 + − 166 amino acids. GLPs of Schizosaccharomyces (GenBank ® accession no. 19113700), Kluyveromyces (GenBank ® accession no. 50307951), Candida (GenBank ® accession no. 50285779), and Ustilago (GenBank ® accession no. 46097151) are above 500 amino acids due to long N-terminal ends. Aspergillus AQP (GenBank ® accession no. 40742230) exhibits an extremely long C-terminal end that yields a protein with a total length of 959 amino acids.
The fungal sequence data set produced an alignment of 1405 positions due to the long N-and C-terminal ends. After excluding these ends and internal sites of uncertain positional homology, unambiguously aligned sequences included 182 characters (five invariant and 170 parsimony informative). The recovered Bayesian tree is shown in Figure 4 . Phylogenetic analysis showed that, in general, each genome has one AQP and one GLP. However, the presence of a second copy of any of the two groups in some fungal genomes is also frequent. GLPs and AQPs recovered significantly different phylogenetic relationships among the studied fungal species. This pattern suggests that evolution of fungal MIP genes may occur through horizontal transfer events. Nevertheless, phylogenetic reconstruction artifacts cannot be ruled out in this case due to (i) the presence of highly divergent sequences in the data set, which can produce long-branch attraction effects and (ii) incomplete taxon sampling.
Protozoan MIPs
At present, only few protozoan MIPs have been described and it is not enough yet to perform separate phylogenetic analyses with them. Therefore protozoan MIPs were included in phylogenetic analyses together with animal GLPs and AQPs. In general, protozoan MIP proteins are of normal length (277 + − 28 amino acids), but their sequences are found to be relatively divergent and produced long branches in reconstructed phylogenetic trees that prevented unambiguous recovery of their exact phylogenetic position. It is likely that each protozoan genome has at least one AQP and one GLP, as illustrated by Trypanosoma. However, thus far, no other GLP orthologues have been identified in protozoans whereas AQP orthologues are found in several protozoans such as e.g. Plasmodium and Dictyostelium. Some protozoans may lack GLPs but it may occur that they have highly divergent amino acid sequences that are difficult to identify by similarity searches. Phylogenetic analysis indicated that the GLP gene and the AQP gene underwent one duplication event in Trypanosoma and Dictyostelium respectively. Protozoan MIP 
Animal GLPs
Up to 42 GLP orthologues were identified in animals. The average length of animal GLPs is 284 + − 39 amino acids. The GLP data set produced an alignment of 523 positions. Of these, 282 were excluded, 15 were invariant and 210 were parsimony informative. The recovered Bayesian tree is shown in Figure 5 . Phylogenetic analysis indicated that the GLP gene underwent several duplication events within Caenorhabditis. No GLPs have been identified in insects thus far. The great diversification of GLPs occurred in vertebrates (Takata et al., 2004) . Phylogenetic reconstruction delimited four main groups with strong statistical support: AQP3, AQP9, AQP7 and AQP10 ( Figure 5 ). The phylogeny of vertebrates was fairly recovered within each of the groups. According to the recovered tree, AQP7 and AQP10 are sister groups ( Figure 5 ). However, phylogenetic relationships between AQP3, AQP9 and the cluster AQP7 + AQP10 could not be clearly resolved. AQP3 is an ubiquitous paralogue that is expressed in the epithelial cells of kidney, brain, eye, skin, as well as in the urinary, digestive, and respiratory tracts (Takata et al., 2004) . AQP7 and AQP9 are preferentially expressed in adipocytes and leucocytes respectively (Takata et al., 2004) . Both paralogues seem to transport arsenite (Liu et al., 2002) . Members of the AQP10 group exhibited highly divergent sequences, which explains the fact that this paralogue was only recently described as a member of the family . In human, AQP10 is exclusively expressed in the intestine, but in mouse AQP10 is a pseudogene . According to phylogenetic analyses, AQP10 is also present in fish.
Animal AQPs
AQPs are highly diversified in animals (Agre, 1997; Echevarria and Ilundáin, 1998; Takata et al., 2004) . A total of 105 animal AQPs were retrieved from NCBI databases. The average length of animal AQPs is 281 + − 86 amino acids. However, some AQPs of insects are particularly long. This is the case of one AQP The animal AQP data set produced an alignment of 1308 positions due to the long N-terminal (chicken) and C-terminal (insect) ends. Extended ends and internal sites of ambiguous positional homology were excluded from further analysis, and the alignment was decreased to 213 positions (3 invariant and 208 parsimony informative). The recovered Bayesian phylogeny is shown in Figure 6 . Phylogenetic analysis showed that animal AQPs could be classified into several derived groups with strong statistical support. However, phylogenetic relationships among these groups could not be confidently resolved. Nematode AQPs exhibited rather divergent sequences that produced long branches and hindered unambiguous recovery of their correct phylogenetic position and relationships ( Figure 6 ). Insect AQPs were recovered in two different clusters. One was placed as a sister group of vertebrate AQPs, although with low statistical support. The other was closely related to AQP11 and AQP12, and included one highly divergent sequence of Apis (GenBank ® accession no. 48102715), Anopheles (GenBank ® accession no. 31201751) and Drosophila (GenBank ® accession no. 17736985). According to the recovered tree, vertebrate AQPs could be classified into at least nine groups (Takata et al., 2004 ) that resulted from several rounds of gene duplication and functional divergence. Each of the nine paralogues was capable of fairly recovering the vertebrate phylogeny. The most divergent paralogues were AQP11 and AQP12, which may be only distantly related to the MIP family. In fact, their very recent annotation as members of the MIP family was only tentative since it was based exclusively on automated sequence similarity searches without further analysis. The next most divergent member was AQP8 that was identified in fish, birds and mammals. This paralogue is ubiquitous in its tissue expression and has a predominant intracellular location (Ferri et al., 2003) . The striking association of AQP8 with mitochondria and the endoplasmic reticulum may explain its significantly divergent evolution (Ferri et al., 2003) . The remaining vertebrate groups were AQP0 (formerly known as MIP26), AQP1 (formerly known as CHIP28), AQP2, AQP4, AQP5 and AQP6. The most basal ones, AQP1 and AQP4 are of ubiquitous distribution, and in human are found in kidney, lungs, brain, stomach, eye and ear (Echevarria and Ilundáin, 1998; Takata et al., 2004) . Water transport by AQP4 is mercurial-insensitive (Hasegawa et al., 1994) . More derived AQPs are tissue-specific. AQP0 is the most abundant membrane protein in human eye lens. AQP2 is found in renal collecting ducts and its expression is regulated by the antidiuretic hormone. Mutations in human AQP2 result in diabetes insipidus. AQP5 is found in body (salivary, lacrimal and sweat) secretions and AQP6 is restricted to kidney collecting ducts. The recovered tree showed a close relationship among AQP2, AQP5 and AQP6.
Plant AQPs
MIP abundance in plants is often related with the need of continuous absorption and evaporation of substantial volumes of water during plant growth. MIP diversification in plants includes multiple subcellular localization and differential expression during plant development (Johansson et al., 2000; Maurel et al., 2002) . TIPs and PIPs are generally found in the vacuolar (tonoplast) and plasma membranes respectively (Kjellbom et al., 1999) . Hydrostatic pressure is limited in the tonoplast but is very high in the plasma membrane. Hence, it is likely that TIPs and PIPs may have evolved significantly different physiological roles (Johanson et al., 2001) . NIPs seem to have distinct functions in different plants. In legumes, NIPs are localized in the peribacteroid membrane of symbiotic root nodules, and regulate water and metabolite flux between plant and nitrogen-fixing bacteria (Rivers et al., 1997; Guenther and Roberts, 2000) . In loblolly pine, NIPs are expressed in early embryogenesis (Ciavatta et al., 2001 ). In pea, NIP transcripts are only detected in the seed coat (Schuurmans et al., 2003) . SIPs were identified based on phylogentic analysis of expressed sequence tags (ESTs) (Johanson and Gustavsson, 2002) , and their localization, expression pattern and functional role remains unknown.
A total of 220 MIPs from a great number and diversity of plants including ferns, gymnosperms, moncots and dicots were retrieved from NCBI databases. The average length of plant MIPs is 268 + − 25 amino acids. In agreement with previous studies, preliminary phylogenetic analyses of the plant MIP data set showed that all analysed membrane channels were AQPs, and confirmed their classification into four orthologue groups. Therefore PIP, TIP and NIP data sets were analysed independently. Since few SIP sequences have been identified thus far, no separate phylogenetic analysis of this paralogue was performed. The PIP data set produced an alignment of 348 positions. Of these, 83 were excluded, 75 were invariant and 136 were parsimony informative. PIPs constitute a rather homogeneous group with comparatively low pairwise sequence divergences. The remarkable conservation of this paralogue could indicate either strong functional constraints or a recent origin. The presence of PIPs in both gymnosperms and angiosperms rejects the latter hypothesis and suggests a slow rate of evolution of these proteins. The recovered Bayesian tree is shown in Figure 7 . Phylogenetic analysis supported separation of PIPs into two distinct groups: PIP1 and PIP2 (Kjellbom et al., 1999) . Although the exact physiological role of both groups remains unknown, it was recently shown that maize PIP1 and PIP2 have differential functional properties. PIP2 paralogues are able to induce water channel activity in Xenopus oocytes whereas PIP1 paralogues are inactive (Chaumont et al., 2001) .
The TIP data set produced an alignment of 297 positions. Of these, 60 were excluded, 19 were invariant and 197 were parsimony informative. The recovered Bayesian tree is depicted in Figure 8 . Phylogenetic analyses confirmed the validity of the three typically recognized groups of TIPs (α, γ, δ), and supported the existence of a fourth group of more divergent sequences (β). According to the recovered tree, α-and γ-TIPs grouped more closely to each other than to β-TIP. δ-TIP was placed as the most basal paralogue, and included, among others, a group of highly divergent sequences from Arabidopsis, Hordeum, Zea and Oryza. These sequences were previously incorrectly suggested to conform to a different TIP group based on phylogenetic analyses that did not correct for saturation (Chaumont et al., 2001) . Based on the relative phylogenetic position of the Picea TIP sequences, it can be concluded that gene duplication events that led to the four main groups of plant TIPs, predated the split of gymnosperms and angiosperms. Further gene duplications probably occurred within each group to generate the 7-9 TIP copies found in the well-surveyed genomes of Arabidopsis, Zea and Oryza. Several studies showed that the distinct TIP members are expressed in diverse intracellular localizations, and presumably have different functions (Moriyasu et al., 2003; Takahashi et al., 2004) .
The NIP data set produced an alignment of 386 positions. Of these, 186 were excluded, 24 were invariant and 163 were parsimony informative. The recovered Bayesian tree is shown in Figure 9 . Phylogenetic analyses defined three main groups of NIPs (Chaumont et al., 2001) . Of these, NIP2 is the only one that has been identified thus far in a fern and a gymnosperm. Most described angiosperm NIPs belong to the NIP1 group. NIP3 showed the most divergent sequences.
Molecular features of MIPs
Several studies have thoroughly analysed the primary structure of the MIP molecule, searching for conserved motifs across the whole family and within each of the main members (Park and Saier, 1996; Froger et al., 1998; Heymann and Engel, 2000; Zardoya and Villalba, 2001; Zardoya et al., 2002; Wallace and Roberts, 2004) . In the present analysis, the two most conserved motifs are the NPA boxes in loops B and E (at positions 76-78 and 192-194 of human AQP1 respectively; Figure 1 ). Only 20 out of the 463 analysed sequences have a non-canonical NPA box in loop B. In most cases, spurious changes in single species occur in the third position of the motif, where the alanine residue is replaced by valine, threonine, serine or leucine residue. Notably, in all AQP7 sequences, the proline residue in the second position of the motif is changed to an alanine residue. Nonmammal AQP8 sequences show NPV or NPP motifs. SIPs show NPL or NPT motifs. NIP3 members have an NPS signature. The recently identified AQP11 and AQP12 have NPC and NPT motifs respectively. Finally, three highly divergent insect sequences (GenBank ® accession nos. 31201751, 17736985 and 48102715) have a CPY motif at the corresponding position.
Approximately 30 analysed sequences have changes in the NPA box of loop E. The most common change is in the third position of the box from alanine to valine residue (both are small and hydrophobic amino acids). Members of the AQP7 group show either NPS or NPT motifs at this position. Therefore AQP7 seems to have evolved a distinct pore within the MIP family by compensatory changes. It would be interesting to obtain the crystal structure of an AQP7 to see how such a distinctive conformation affects flux through the pore. Similarly, NIP3 members and the above-mentioned highly divergent insect sequences show an NPV motif at this position that may compensate changes occurring in the loop-B motif.
Stretches of conserved residues are also found in the nearby upstream and downstream regions of both NPA boxes. A consensus sequence for the first box could be SGXHXNPAVT (Figure 1 ) Zardoya and Villalba, 2001) . A consensus sequence for the second box could be GXXX-NPAR(S/D)XG (Figure 1 ). The glycine residue at the beginning of this consensus sequence is remarkably changed to asparagine residue in bacterial AQPs. Interestingly, one of the positions in the signature seems to be related with substrate selectivity showing a serine residue in AQPs and aspartic residue in GLPs (Froger et al., 1998; Heymann and Engel, 2000; Zardoya and Villalba, 2001 ). AQP11 and AQP12 have an alanine residue in that position. Another conserved motif in most members of the MIP family is a glutamic residue in the transmembrane helix 1 (at position 17 of human AQP1), which forms a rather conserved box AEFXXT (Figure 1 ) that is absent from SIPs. The next conserved residue is a glycine in helix 2 (Figure 1 ; at position 57 of human AQP1) that is changed to alanine in TIPs and to asparagine in AQP6 members.
Three almost contiguous residues in helix 3, tyrosine, glutamine and glycine (at positions 97, 101 and 104 of human AQP1 respectively), are highly conserved (Figure 1) . The tyrosine residue is absent from fungal AQPs, SIPs, AQP11 and AQP12. The glycine residue is missing in AQP11 and some NIP3. Both tyrosine and glutamine residues are not found in highly divergent insect sequences. Helix 4 shows three conserved and contiguous residues, glutamic, threonine and leucine (at positions 142, 146 and 149 of human AQP1 respectively; Figure 1 ). This box might be involved in glycerol discrimination since a glutamic residue is replaced by glutamine residue in animal GLPs, and a threonine residue is missing in fungal GLPs. A threonine residue is changed to cysteine residue in AQP11 and AQP12, and is not found in some NIP1, in protist AQPs and in highly divergent insect sequences. The leucine residue is absent from AQP11 and AQP12, in NIP2 and in highly divergent insect sequences. Moreover, it is changed to a phenylalanine residue in AQP0, and shifts one position ahead in bacterial AQPs and NIPs (except NIP2).
Only one glycine residue is conserved in helix 5 (at position 173 of human AQP1; Figure 1 ). This residue is missing in fungal GLPs as well as in AQP11 and AQP12 and in highly divergent insect sequences. Another conserved box is found in helix 6 (Figure 1 ) and it includes four residues: tryptophan, proline, glycine and tyrosine (at positions 210, 216, 219 and 227 of human AQP1 respectively). The tryptophan residue is only absent from Gram-negative bacterial GLPs and archaean MIPs. No conserved residues are found in loops A, C and D of both the N-and Cterminal ends.
Deduced conserved boxes were mapped on to the crystal structure of human AQP1 (Murata et al., 2000) (Figure 1) . In a perpendicular view to the fourfold symmetry axis of the protein, conserved boxes are localized at the centre of the protein, close to the narrowest part of the pore. All of them face inside within the protein except a phenylalanine residue of helix 1 and a tryptophan residue of helix 6. These two residues might be involved in the oligomerization of the tetramer. A view from the cytoplasmic side along the fourfold symmetry axis shows that all conserved boxes are on one side of the channel except the conserved glycine residues from helices 2 and 5 that are found on the opposite side (Figure 1 ).
Several residues have been proposed to be involved in the selectivity to water or glycerol (Froger et al., 1998; Heymann and Engel, 2000; Zardoya and Villalba, 2001; Zardoya et al., 2002) . Direct evidence that two contiguous residues in helix 6 (at positions 212 and 213 of human AQP1) are involved in the switching of substrate specificity was achieved using site-directed mutagenic experiments (Lagrée et al., 1999) . At these positions, AQPs have tyrosine (or phenylalanine) and tryptophan residues whereas GLPs show proline and valine (or isoleucine) residues. Other selectivity residues were deduced from comparative sequence and topological analyses. For instance, the so-called aromatic/arginine region that is located in the narrowest part of the pore was proposed to be involved in substrate selectivity by direct comparison of the AQP and GLP crystal structures. This region is at the confluence of Phe 58 (helix 2), His 182 (helix 5), Cys 191 (loop E) and Arg 197 (loop E) of human AQP1 (Murata et al., 2000) . In E. coli GLP (Fu et al., 2000) , these positions correspond to Trp 48 , Gly 191 , Phe 200 and Arg 206 respectively. In NIPs, the region has an intermediate combination of residues: tryptophan, valine, alanine and arginine (Weig and Jakob, 2000; Wallace et al., 2002; Biswas, 2004) . NIPs are postulated to be AQPs recruited to transport glycerol, and the peculiar composition of the aromatic/arginine region in NIPs was seemingly acquired by convergent replacements (Zardoya et al., 2002) .
Finally, there are several residues that characterize each of the main members of the MIP family (see Figure 6 in Zardoya and Villalba, 2001 for more details). Such discriminating residues are mostly found at within-group conserved stretches in the flanking regions of the NPA boxes. Probably these residues must be responsible for the specific functional properties of each of the paralogues.
Concluding remarks and perspectives
The hypothesis that specific proteins could mediate protein water transport into cells was quite marginal 20 years ago, and most researchers postulated passive diffusion as the main mechanism for water recruitment. The discovery of the first MIP in human in the 1990s not only changed dramatically the mainstream view, but also prompted the search for homologues. It was soon realized that in fact MIPs conform to an ancient protein family that can be found throughout living organisms. Recently, genomic projects have allowed identification of the exact number of MIP genes per model system species, and have exceedingly expanded the taxonomic range of known MIPs. In the present study, I reconstructed an MIP phylogeny taking into account the new genomic information. With more than 450 proteins analysed, and a fair representation of the different MIP paralogues in the main groups of living organisms, the recovered phylogeny confirms and generalizes previous analyses based on decreased and taxonomically more biased data sets. According to the results, the earliest and major gene duplication event in the history of the MIP family led to the main functional split into GLPs and AQPs. The former were absent from plants, and achieved their greatest diversification in vertebrates. The latter had at least nine members (PIP1, PIP2, α-TIP, β-TIPβ, γ-TIP, δ-TIP, NIP1, NIP2 and NIP3) in plants and at least seven (AQP0, AQP1, AQP2, AQP4, AQP5, AQP6 and AQP8) in vertebrates. Functional recruitment of NIPs to glycerol transport due to the absence of GLPs in plants was highly supported in the new phylogenetic analyses. However, the proposed origin of plant NIPs from bacteria through an ancient event of gene horizontal transfer could not be confirmed due to the general lack of resolution of deeper nodes. Acquisition of other MIP functions, such as permeability to ammonia, arsenite or CO 2 , is not a general trend of the family but it is restricted to particular MIP paralogues.
Up to eight fairly conserved boxes were found in the primary sequence of the MIP molecule throughout the entire alignment of 463 proteins (except in the above-mentioned highly divergent sequences). Topological mapping of these residues showed their intimate association with the narrowest section of the channel. Two putative paralogues in plants (SIP1 and SIP2), three insect AQPs and vertebrate AQP11 and AQP12 showed highly divergent sequences. The lack of several conserved boxes in the insect AQPs, as well as in AQP11 and AQP12 suggests that these proteins may not belong to the family or may be only distantly related.
Because of their abundance, many MIP genes are often identified at early stages of most genomic projects. Hence, the perspective of getting more complete MIP sequence data sets for further evolutionary studies is encouraging. A preliminary TBLASTN search of EST databases from ongoing genomic projects showed that members of the MIP family described here could be tentatively identified using similarity searches, and provided a glimpse of the large amount of sequence data on MIPs that is currently being accumulated. For instance, AQPs in dog were found at chromosomes 6 (GenBank ® accession no. 50101842), 7 (GenBank ® accession no. 50194928), 10 (GenBank ® accession no. 50116290), 14 (GenBank ® accession no. 50097440) and 27 (GenBank ® accession nos. 50118419, 50118421). GLPs in dog were found in chromosomes 7 (GenBank ® accession no. 50193816), 11 (GenBank ® accession no. 50090285) and 30 (GenBank ® accession no. 50202430). In the sea urchin Strongylocentrotus purpuratus, two AQPs (GenBank ® accession nos. 34754721 and 34794000) and two GLPs (GenBank ® accession nos. 34743653 and 34754721) were identified. Finally, in the moss Physcomitrella patens, up to five PIPs, four TIPs, one NIP and two SIPs were identified (Borstlap, 2002) . Preliminary phylogenetic analyses with these fragments (results not shown) indicate a very early diversification of MIPs in plants.
In parallel, the development of new bioinformatic tools such as the MIP relational database (http:// idefix.univ-rennes1.fr:8080/Prot/index.html) will facilitate data mining and also will be very useful in discerning the specific signatures that characterize each MIP paralogue. Such features will help future sequence comparison, function prediction and phylogenetic analysis.
Materials and methods
Molecular databases at NCBI ((http://www.ncbi.nlm.nih.gov) were screened for MIPs with the BLASTp search tool (Altschul et al., 1997) using mouse AQP4 (GenBank ® accession no. 33563244) and AQP3 (GenBank ® accession no. 20072731) as initial queries. Further searches to find more divergent paralogues were performed using representatives of the different MIP subfamilies as queries. Redundant entries, those that contained point mutations with respect to sequences already included in the analyses, and short partial sequences were discarded. A total of 463 complete or almost complete MIP proteins were retrieved from the NCBI database and analysed at the amino acid level. Of these, 71 were of eubacteria and archaea, 25 were of fungi, 147 were of animals and 220 were of plants. Additionally, different EST databases corresponding to ongoing genomic projects were screened for new MIPs with the TBLASTN search tool, using mouse AQP4 and AQP3 as queries.
Sequences were aligned using CLUSTAL X (Thompson et al., 1997) with default settings, and multiple alignments refined by eye using MacClade 4.05 (Maddison and Maddison, 1992) . Gaps resulting from the alignment were treated as missing data. Ambiguous alignments in highly variable (gap-rich) regions were excluded from the phylogenetic analyses (aligned sequences and the exclusion sets are available from the author on request). Bayesian phylogenetic inferences were conducted using MrBayes v3.0b3 by Metropolis coupled Markov Chain Monte Carlo (MCMCMC) sampling for 200 000 generations (four simultaneous MC chains; sample frequency 100 generations; chain temperature 0.2) under the JTT ( Jones et al., 1992 ) + I + model for each data set. Robustness of the inferred trees was evaluated using Bayesian posterior probabilities.
The Jalview applet in the Pfam site (http://www.sanger. ac.uk/cgi-bin/Pfam) was used to view and determine conserved residues in the online MIP alignment of 896 proteins based on percentage identity. Selected residues were further localized visually in the MIP alignment of 463 proteins. RasMol 2.7 (http://www.umass.edu/microbio/rasmol/) was used to map conserved residues on to the three-dimensional structure of human AQP1 (lfqy).
